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Using an elastic neutron scattering technique under a pulsed magnetic field up to 30 T, we
determined the magnetic structure in the half-magnetization plateau phase in the spinel CdCr2O4.
The magnetic structure has a cubic P4332 symmetry, which is the same as that observed in HgCr2O4.
This suggests that there is a universal field induced spin-lattice coupling mechanism at work in the
Cr-based spinels.
PACS numbers: 75.30.Kz, 75.25.+z, 75.50.Ee
When an external magnetic field is applied on strongly
interacting spin systems, novel collective phenomena may
arise.[1] A well-known example is the field-induced con-
densation of magnons in quantum magnets.[2] Another
is the field-induced fractional magnetization plateau ob-
served in frustrated magnets.[3] Interest on the latter
system stems from the degenerate ground state due to
the triangular motif of the magnetic lattice.[4, 5] For in-
stance, for a tetrahedron made of four isotropic classical
spins, any spin configuration with total zero spin can be
the ground state. There is an infinite number of such con-
figurations that satisfy the criterion. When such tetrahe-
dra are arranged in a corner-sharing network, sometimes
called the pyrochlore lattice, the ground state degeneracy
becomes macroscopic, and exotic magnetic properties are
expected at low temperatures.[6, 7, 8] If the spin degree
of freedom is coupled with the lattice or orbital degree
of freedom, the system can undergo a phase transition at
low temperature into a crystallographically distorted and
magnetic ordered state.[9, 10, 11, 12, 13, 14, 15, 16, 17]
When an external magnetic field (H) is applied to the or-
dered state, the fractional magnetization phase appears,
and is associated with each tetrahedron having major-
ity (minority) spins aligned parallel (antiparallel) to H .
There can be many ways of organizing the majority and
minority spins over the entire lattice, and how a certain
structure can be stabilized over a wide range of H and
whether or not an universal ground state for each type
of frustrated lattice and Hamiltonians exists are of issue.
The Cr-based spinel ACr2O4 (A = Hg, Cd, and Zn) is
an ideal model system with the simplest and most frus-
trating spin Hamiltonian. It has a cubic Fd3¯m crys-
tal structure at room temperature where the magnetic
Cr3+(t32g; s = 3/2) ions without orbital degeneracy form
the pyrochlore lattice, and due to the edge-sharing net-
work of CrO6 octahedra, the nearest neighbor exchange
interactions are dominant. Experimentally, it has been
shown that despite the strong magnetic interactions evi-
denced by their large Curie-Weiss temperatures, ΘCW =
−32 K (Hg), −88 K (Cd), and −390 K (Zn), the system
remains in a spin-liquid state down to temperatures (T )
much lower than |ΘCW |, indicating the presence of strong
frustration.[3] Upon further cooling, it undergoes a tran-
sition at 6 K (Hg), 7.8 K (Cd), and 12.5 (Zn) due to spin-
lattice coupling into a magnetically long range ordered
state. [9, 10, 18] The nature of the magnetic structure and
lattice distortion is different for different A site ions: the
symmetry of the low T crystal structure is orthorhombic
Fddd, tetragonal I41/amd, and tetragonal I 4¯m2 for Hg,
Cd and Zn, respectively. Their magnetic structures also
have different characteristic wave vectors: two commen-
surate wave vectors Qm = (1,0,1/2), (1,0,0) for Hg [18],
a single incommensurate Qm = (0, δ, 1) for Cd [10], and
two commensurate Qm = (1/2,1/2,0), (1,0,1/2) for Zn
[19]. These indicate that the Cr spinels are very close to
a critical point surrounded by several different spin struc-
tures in phase space, and the microscopic mechanism of
the zero-field spin-lattice coupling depends on the deli-
cate balancing acts between spin and lattice degrees of
freedom that vary with the A site ion.
When an external field, H , is applied, the Cr spinel
undergoes a phase transition into a half-magnetization
plateau phase at Hc1 = 10 T for Hg, 28 T for Cd, and
120 T for Zn [3, 20, 21], suggesting that each tetrahe-
dron has three up (majority) and one down (minority)
spins (3:1 constraint). The field-induced magnetic and
chemical structure of HgCr2O4 were determined to have
the P4332 symmetry or its mirror image P4132 since its
Hc1 is within the steady magnet capability available at
neutron facilities.[18] A question that arises is whether or
not the nature of the field-induced phase in the Cr spinels
varies with different A ions as it does for the zero-field
2FIG. 1: (Color online) (a) A schematic diagram of the [111]
and [11¯0] horizontal scattering plane that was used for our
neutron scattering measurements. The external pulsed mag-
netic field, H , was applied horizontally 7◦ away from the [111]
direction as shown by an arrow. The open circles represent
commensurate wave vector positions, and the filled circles
represent the (0,δ,1) incommensurate magnetic Bragg posi-
tions observed for zero magnetic field. (b) Our elastic neu-
tron scattering data taken with H = 0 at 2 K along the
(1.04+h,−1.04+h,h) as shown by an arrow in (a).
spin-lattice coupling. Studying other Cr spinels has how-
ever been impossible because of their high critical fields
that are beyond the current steady magnet technology
available at neutron facilities. Very recently, a pulsed
magnet capability that can go up to 30 T has been imple-
mented at neutron facilities, opening up a new research
opportunity in this field.
Here, we report our elastic neutron scattering mea-
surements on CdCr2O4 under the pulsed magnetic field
to study its half-magnetization plateau phase. We show
that for H > Hc1 = 28 T the incommensurate mag-
netic peaks disappear while new peaks appear with the
characteristic wave vector of Qm =(1,0,0) but not at the
(2,2¯,0) point. This clearly demonstrates that the half-
magnetization plateau phase of CdCr2O4 has the same
P4332 magnetic structure as that of HgCr2O4. Our re-
sults suggest that the observed P4332 state might be the
generic ground state of the field-induced phase of the
Cr-spinels, despite their different crystal and magnetic
structures observed at H = 0.
A single crystal that has a shape of a thin plate (∼4
mm×4 mm×0.2 mm) and weighs∼40 mg was used. Since
natural Cd has a large neutron absorption cross section,
a single crystal enriched with 114Cd isotope was used
for our measurements. The elastic neutron scattering
experiments were carried out on the thermal neutron
triple-axis spectrometers IN22 at Institut Laue-Langevin
(ILL). The incident and final neutron energies were fixed
to Ei=34.8 meV. Contamination from higher-order neu-
trons was effectively eliminated by a PG filter. The 40
mg single crystal was mounted with the [111] and [11¯0]
axes in the horizontal scattering plane. A small magnet
coil made of CuAg wire was mounted surrounding the
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FIG. 2: (Color online) Time dependence of the magnetic field
(solid red lines) and neutron counts (filled circles) measured at
(1.0675, −1.0125, 0.0275) and (1, −1, 0) reflections at the ini-
tial temperature T=2.5 K. The corresponding magnetic field
is shown on the right y-axis. The measurements were per-
formed over 200 and 150 magnetic field pulses for (1.0675,
−1.0125, 0.0275) and (1, −1, 0) reflections, respectively, and
the data were summed. Binning times were 200 and 80 µs
for (1.0675, −1.0125, 0.0275) and (1, −1, 0) reflections, re-
spectively. The vertical dotted lines are drawn at the times
corresponding nominally to the critical field, Hc = 28 T. The
horizontal dashed lines represent the background levels de-
termined at wave vectors away from the reflection positions.
The gray thick lines are guide for eyes.
crystal on a cryostat insert and the apparatus was cooled
in a standard 4He cryostat. [22, 23, 24] The magnet coil
in the cryostat was connected to a transportable capac-
itor bank that resided outside the cryostat. A half-sine
shaped pulsed magnetic field of 8 msec duration was gen-
erated by using a capacitor bank.[25] The magnetic field
was measured by a set of pick-up coils installed around
the sample. The magnet coil limited the accessible scat-
tering angle below 30◦, which allowed us to reach only
two commensurate reflections at (1, −1,0) and (2, −2,0),
and incommensurate peaks around (1, −1,0). The pulsed
measurements were performed more than 100 times at
each reflection to obtain reasonable statistics.
At zero magnetic field, CdCr2O4 shows a spiral mag-
netic order with a single characteristic wave vector of
Qm = (0, δ, 1) or (δ,0,1) where δ ∼ 0.09, accompanied
by a tetragonal distortion below TN = 7.8 K. [10, 26]
Thus, the incommensurate (IC) wave vectors within the
accessible scattering angle of 30◦ are (1,−1 ± δ,0) and
(1±δ,−1,0). Even though these peaks are out of the
scattering plane separated by ∼ 0.025 A˚−1, they could be
detected in our measurements because the full-width-of-
the-half-maximum of the vertical instrumental resolution
was 0.144 A˚−1. We performed elastic scans around the
(1, −1,0) point, and found superlattice peaks at four po-
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FIG. 3: (Color online) Magnetic field dependence of the peak
intensity of the (a) (1.0675, −1.0125, 0.0275), (b) (1, −1, 0),
and (c) (2, −2, 0) reflections measured at T=2.5 K with the
ascending (filled circles) and descending (open circles) field.
For better statistics, binning times were 200, 80, and 80 µs for
(1.0675, −1.0125, 0.0275), (1, −1, 0), and (2, −2, 0) reflec-
tions, respectively. The vertical dotted lines are drawn at the
times corresponding nominally to the critical field, Hc = 28 T.
The horizontal dashed lines represent background intensity.
sitions shown in Fig. 1 (a). In Fig. 1 (b), a typical elastic
scan taken along the (1,1,1) direction centered at (1.04,
−1.04,0) show two peaks at k1 and k2 of Fig. 1 (a). The
four peak positions, k1, k2, k3, and k4, correspond to
the IC peaks at (1.09,-1, 0), (1,-1.09, 0), (1,-0.91, 0), and
(0.91,-1, 0) projected on the scattering plane.
Figure 2(a) shows the time dependence of the elastic
neutron scattering intensity measured at the IC magnetic
peak of (1.0675, −1.0125, 0.0275) at 2.5 K. The peak
intensity initially decreases gradually up to 1 ms that
corresponds to H = 8 T, and remains constant at 20
counts per 200 pulses up to 3 ms, after which the in-
tensity sharply decreases to background level. The 3 ms
time corresponds to H = 28 T, which is consistent with
the critical field observed in the previous bulk magneti-
zation measurements[3]. The magnetic field reaches the
maximum 29.6 T at 3.9 ms after which H decreases. The
IC magnetic signal remains zero up to 4.6 ms (H = 28 T)
after which the intensity increases back to the interme-
diate level at H = 8 T but not to the original intensity
FIG. 4: Magnetic structures with cubic P4332 (a) and rhom-
bohedral R3¯m (b) symmetries. Open and filled circles repre-
sent up and down spins, respectively. Each tetrahedron has
three up and one down spins.
at H = 0 T. The hysteretic behavior originates from the
magnetic domain orientation and is consistent with the
previous result. [26] While waiting about 8 minutes for
the next current pulse, the sample was warmed up to 20
K > TN and cooled back down to 2.5 K to recover the
original zero-field intensity.
In order to find out where the elastic magnetic inten-
sity that disappeared at the IC wave vector for fields
H > 28 T transferred to, we performed similar measure-
ments at a commensurate Q=(1,−1, 0) position. Fig-
ure 2(b) and Figure 3(b) show the results as a function
of time and field. When a magnetic field was injected,
no signal was initially observed at (1, −1,0) for 3 ms
at which point the intensity suddenly increased due to
the first-order nature of the field-induced phase transi-
tion. The commensurate magnetic intensity remained
non-zero over exactly the same range of time (and field)
over which the IC magnetic signal went down to zero.
Our results indicate that as CdCr2O4 enters the half-
magnetization plateau state upon application of an exter-
nal magnetic field, the magnetic structure changes from
the incommensurate spiral to a commensurate collinear
spin structure with Qm=(1,0,0). Once the 3:1 constraint
is imposed, the (100)-type reflections are consistent with
two non-equivalent spin configurations for the pyrochlore
lattice: one with cubic P4332 symmetry (Fig. 4 (a)) and
the other with rhombohedral R3¯m symmetry (Fig. 4
(b)).[18] To distinguish between the two models, we also
performed similar pulsed field measurements at (2, 2¯, 0)
at which point the R3¯m structure should produce mag-
netic Bragg scattering while the P4332 structure would
not. At H=0, nuclear Bragg intensity is observed at
(2, 2¯, 0). As shown in Fig. 4(c), the (2, 2¯, 0) intensity does
not change as the system enters the half-magnetization
phase. Thus, we conclude that the half-magnetization
spin state of CdCr2O4 has the same P4332 spin structure
as observed in HgCr2O4. This is rather surprising be-
cause the two systems have quite different ground states
at H = 0.
4Why is the P4332 spin structure favored as the ground
state of the half-magnetization phase in Cr-spinels, re-
gardless of their different zero field ground states? There
are many ways of arranging the pyrochlore lattice with
tetrahedra holding the 3:1 constraint because there is
considerable freedom in choosing the location of the down
spin on each tetrahedron. The most relevant Hamiltonian
for the Cr-spinels is the nearest neighbor exchange inter-
action that is sensitive to the bond distance minus an
elastic energy associated with the displacements of the
magnetic atoms. This effective hamiltonian has already
been investigated theoretically as an Einstein phonon
model, showed that maximizing the displacements or
minimizing the Hamiltonian occurs in a unique bending
pattern of tetrahedra that has the P4332 symmetry.[27]
Previous combined neutron and synchrotron x-ray mea-
surements on HgCr2O4 showed that at the field-induced
phase transition the crystal structure indeed becomes cu-
bic with the P4332 symmetry.[18] A recent synchrotron
x-ray diffraction experiments on CdCr2O4 under pulsed
magnetic field showed that the crystal structure of the
half-magnetization phase is cubic as well. [28] These re-
sults suggest that the simple effective Hamiltonian de-
scribes the physics of the field-induced phase transition
into the half-magnetization plateau phase in the Cr-
spinels.
In summary, our elastic neutron scattering experi-
ments on a single crystal of CdCr2O4 under a pulsed
magnetic field up to 30 T showed that the Cr-spinels,
ACr2O4 with nonmagnetic A ions have a unique field-
induced half-magnetization state, regardless of their dif-
ferent zero-field ground states. This is consistent with
the theoretical prediction based on the simplest Hamilto-
nian for the spin-lattice coupling with the nearest neigh-
bor exchange interaction and an elastic energy term.[27]
In addition, our study demonstrates that with the new
pulsed magnet capability up to 30 T now available at
neutron facilities, new research opportunities in the field
of frustrated magnetism open up.
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